In the nonobese diabetic (NOD) mouse, lymphocytic and monocytic infiltration of the pancreatic islets leads to beta cell destruction. To investigate the mechanisms by which lymphocytes enter the NOD pancreas, pancreata were immunostained using monoclonal antibodies to a variety of adhesion molecules known to be involved in lymphocyte binding to vascular endothelium, an initial step in the migration of lymphocytes from blood into organized lymphoid and inflamed tissues. These adhesion molecules include: lymphocyte homing receptors involved in tissue-selective binding of lymphocytes to peripheral lymph node (L-selectin) or mucosal lymphoid tissue (LPAM-1, a437-integrin) high-endothelial venules (HEV); and HEV ligands peripheral vascular addressin (PNAd) and mucosal vascular addressin (MAdCAM-1). In NOD pancreata, a4#7 is expressed on most infiltrating cells at all stages of insulitis, whereas L-selectin expression is more pronounced on cells in the islets at later stages. During the development of insulitis, MAdCAM-1 and to a lesser extent PNAd became detectable on vascular endothelium adjacent to and within the inflamed islets. The Stamper-Woodruff in vitro assay was used to examine lymphoid cell binding to such vessels. These functional assays show that both the mucosal (MAdCAM-1 /a47) and the peripheral (PNAd/L-selectin) recognition systems are involved in this binding. Our findings demonstrate that expression of peripheral and mucosal vascular addressins is induced on endothelium in inflamed islets in NOD pancreas, and that these addressins participate in binding lymphoid cells via their homing receptors. This suggests that these adhesion molecules play a role in the pathogenesis of diabetes in these mice by being involved in the migration of lymphocytes from blood into the inflamed pancreas. (J. Clin. Invest. 1993. 92:2509-2515 
Introduction
Extravasation of lymphocytes from the circulation into organized lymphoid tissues and extralymphoid sites is essential in normal immune surveillance as well as in the accumulation of lymphocytes in nonlymphoid tissues during inflammation (1) (2) (3) (4) (5) . This extravasation is currently viewed as a multistep process involving recognition and specific interaction of several adhesion molecules on the lymphocyte with their endothelial ligands (6, 7) . Such pairing of adhesion molecules is necessary to enable the initial binding of the lymphocyte to the endothelial surface, and at each following step leading to lymphocyte migration through the vessel endothelial cell layer into the tissue. Lymphocyte subpopulations use different but overlapping sets of receptors (7), which in physiologic conditions interact only with their corresponding ligands on endothelial cells. Certain endothelial ligands are normally expressed in a tissue-selective manner so that their interaction with lymphocyte adhesion molecules plays a key role in the tissue-selective homing of lymphocytes (8, 9) . Other endothelial ligands can be expressed in a wide variety ofnormal or inflamed tissues ( 10, 11 ) . In such situations, these receptors may be used in a non-organ-specific manner to enable rapid recruitment of cells into the tissue.
The mucosal vascular addressin (MAdCAM-1 ) ' and the peripheral vascular addressin (PNAd) are adhesion molecules preferentially expressed on endothelial cells ofhigh-endothelial venules (HEVs) in mucosal organized lymphoid tissues such as Peyer's patches (PP) or on HEVs of peripheral lymph nodes (PLN), respectively (8, 9) . CD54 (ICAM-I) is a non-organspecific adhesion molecule which is constitutively expressed on endothelium at low levels, but is increasingly expressed on endothelial cells and other cell types after activation by inflammatory mediators ( 12) . Vascular cell adhesion molecule-1 (VCAM-1 ) is also found on activated endothelia in a variety of tissues although some expression has been noted on endothelium from histologically normal tissues ( 13) . Antigens expressed on lymphocytes and associated with their homing in a tissue-selective manner to organized lymphoid tissues are known as homing receptors (HR). L-Selectin is a peripheral HR that is essential for lymphocyte homing to PLN but not to mucosal tissues (14) . PNAd comprises the surface molecules presenting PLN HEVselective carbohydrate ligands to lymphocyte L-selectin ( 15) .
The a43.7 integrin, previously termed LPAM-1 or a4fp, is a mucosal HR that interacts with MAdCAM-1 ( 16, 17) . CDl la/CD 1 8 (LFA-1) is a lymphocyte receptor for CD54. It is present on all leukocytes and has a non-organ-specific function in lymphocyte-endothelial adhesion ( 18) .
To investigate the possible role of adhesion molecules on lymphocytes and vascular endothelial cells in the migration of lymphocytes from blood to pancreas and subsequently in the formation of islet infiltrates, we followed the expression of these murine adhesion molecules on inflammatory cells and on endothelium in the pancreases of NOD mice from the age when the mononuclear infiltrates are first detected around islets until the age when advanced insulitis and hyperglycemia occur. The functional status of the adhesion molecules found on lymphocytes and endothelial cells in inflamed islets was determined using an in vitro assay of lymphoid cell-endothelial cell binding.
Methods
Mice. Mice were examined from two NOD colonies. Both colonies are housed under pathogen-free conditions and fed with normal mouse chow. The Turku colony of NOD mice, bred from animals purchased from BomholtgArd, Ry, Denmark, has a cumulative incidence of diabetes by the age of 25 wk of 80% in females and 40% in males. Immunologic staining of pancreata. Pancreata were taken from NOD and control mice of both sexes at the ages of 3, 4, 5, 6, 8, and 1 1-12 wk, and from newly diabetic NOD mice and age-matched controls. The pancreata were snap-frozen in liquid nitrogen and were stored at -70°C. Serial frozen sections were cut, dried, fixed in cold acetone for 5 min, and stained by indirect immunofluorescence. The sections were first incubated with mAb, followed by FITC-labeled secondary antibody in 5% normal mouse serum (goat anti-rat IgG; Cappel, Durham, NC; or goat anti-hamster Fab'2, Caltag, South San Francisco, CA for mAb 3E2), next with polyclonal guinea pig anti-porcine insulin (Accurate Chem. & Sci. Corp., Westbury, NY), and then with Texas red-conjugated goat anti-guinea pig IgG (Accurate Chem.). All incubations were for 30 min at room temperature followed by three washes in PBS. At least five sections from different levels ofa pancreas were stained with each mAb. After staining, sections were mounted in glycerol based medium and viewed by fluorescence microscopy. In some cases, pancreata were immunostained using a three stage immunoperoxidase technique as described, and then were examined by light microscopy (9).
In vitro lymphocyte-endothelial cell binding assay. The StamperWoodruff in vitro binding assay was performed as described but with slight modifications for this study ( 19, 20) . Briefly, 8-and 12-wk-old NOD and BALB/c mice were injected intravenously with 0.2 ml of the intravascular dye Luconyl blue (40% in saline) (BASF, Ludwigshafen, Germany) and killed 5 min later. NOD pancreata and BALB/c organized lymphoid tissues (PLN and PP) were removed and snap-frozen. Cell suspensions were prepared from BALB/c MLN (mesenteric lymph node) or from one of the following lymphoma cell lines that exhibit tissue-selective binding to HEV in organized lymphoid tissues: 38C1 3, a C3H B cell lymphoma that preferentially binds to PLN over mucosal HEV, using an L-selectin/PNAd recognition system (9, 14, 21 ); or TK 1, an AKR T cell lymphoma which expresses ca437 but not a!41 (VLA-4) and preferentially binds to mucosal over PLN HEV via an a437/MAdCAM-l system (21, 22, 23) .
To test the ability of mAbs that react with lymphocyte HR or vascular addressins to interfere with the binding oflymphoid cells to vascular endothelium in inflamed islets in the NOD pancreas, either lymphoid cells or pancreas tissue sections were preincubated with specific mAb, isotype-matched negative control mAb, or media immediately prior to the binding assay as described ( 19) . Tissue sections were then incubated with 1-3 X 106 lymphoid cells in 0.1 ml DMEM for 30 min at 7°C with mild rotation. Nonadherent cells were decanted, and adherent cells were fixed to tissue sections by 1.5% glutaraldehyde in PBS. Cell binding to vessels was evaluated microscopically under phase or darkfield illumination. Vessels were identified by intravascular localization of Luconyl blue, and their microenvironmental location determined by examination of adjacent sections stained with hematoxylin and eosin or with antiaddressin mAbs using an immunoperoxidase technique. For each pancreas, lymphoid cell binding to vessels in or adjacent to islets was counted only if the vessel could be evaluated on serial sections from the assay treated with specific mAb, negative control mAb, and media. The mean number of cells bound per vessel for each mAb was determined for pancreas and organized lymphoid tissues from each mouse. These results for each animal are presented as a percentage of media control.
Results
Non-organ-specific adhesion molecules on inflammatory cells and endothelium. There was strong uniform expression of CD1 la/CD18 (LFA-1) and CD54 (ICAM-1) by all mononuclear cells that had infiltrated the NOD pancreas. CD54 was also expressed on endothelium of pancreatic vessels in young healthy NOD mice and mice of control strains as well as in prediabetic and diabetic NOD mice. During the development ofdisease in NOD mice, no conspicious increase in intensity of CD54 expression on endothelial cells was observed (data not shown). Endocrine cells themselves were negative for CD54. VCAM-1 was expressed on endothelium in a subset of pancreatic vessels in BALB/c and NOD mice. In both strains, most (> 97%) of the VCAM-1 expressing vessels were in the exocrine pancreas. These ranged in appearance from small, flatwalled vessels scattered among the acini to larger veins and arteries adjacent to the interlobular ducts. Occasional small vessels adjacent to uninflamed islets in NOD and BALB/c mice were VCAM-1 positive as were a few vessels within NOD inflamed islets.
Induction of vascular addressins on islet endothelium. There was no expression of PNAd by endothelium in pancreata of control mice (BALB/c and SJL) or in noninflamed pancreata from young, healthy NOD mice. In contrast, a low constitutive expression of MAdCAM-1 was observed on endothelial cells ofa few small, flat-walled vessels scattered throughout the exocrine pancreas in all mice (Fig. 1 A) , but not on endothelium within the islets.
During the development of islet infiltrates, MAdCAM-l and PNAd became expressed on islet endothelium. These ad- dressins, first detected on endothelium within and adjacent to islets in 4-5-wk-old NOD mice, appeared simultaneously with mononuclear cell infiltrates of these islets. As the degree of insulitis became more severe, small vessels expressing these molecules became more numerous in islets (Fig. 1, b (Fig. 2 a) , whereas strong a4,f7 expression as detected by staining with mAbs Rl-2 (anti-a4) and 722 (anti-f37) was evident on the first cells that gathered in periislet locations as well as on lymphocytes that infiltrated the islets throughout all stages of insulitis (Fig. 2, b and c) . At more advanced stages of insulitis, L-selectin expression intensified among condensed groups of cells within the inflammatory plaque. Hence, the expression of HR on infiltrating cells shifted from mucosal HR predominance to mixed expression ofboth HR during progression of insulitis (Table IL) .
In vitro lymphocyte-endothelial cell binding. The StamperWoodruffin vitro assay was used to study the specific adhesion pathways mediating interactions between lymphoid cells and vascular endothelium of inflamed islets in the NOD pancreas. Our initial assays used lymphocytes obtained from MLN of young adult BALB/c mice. These lymphocytes bound to endothelium of blood vessels in inflamed islets from 8-and 12-wkold female NOD mice. A large portion of this binding could be blocked with mAb directed against MAdCAM-1 and a smaller portion was blocked with mAb against PNAd (Fig. 3 a) TK1, which binds well to MAdCAM-l-expressing mucosal HEV via its a4p7 but fails to bind significantly to PLN HEV, bound to many vessels in the inflamed islets of NOD mice. This binding was almost completely inhibited by preincubation of the cells with anti-a4 (mAb PS/2) or anti-,37 (mAb DATK-32), or by preincubation of the pancreas sections with anti-MAdCAM-l (mAb MECA-367) (Fig. 3 b) . 38C1 3, which binds well to peripheral HEV via L-selectin/PNAd interaction but does not bind significantly to mucosal HEV, also bound to vessels in the inflamed islets. Most of this binding was blocked by mAb directed against PNAd (MECA-79) or L-selectin (MEL-14) (Fig. 3 c) . Comparison of the sections from the binding assay with adjacent sections stained with MECA-79 or MECA-367 showed that these lymphoma cells bound to vessels bearing the appropriate, tissue-specific addressin. Some of these vessels had the histologic appearance of HEVs.
Discussion
MAdCAM-I and PNAd are endothelial adhesion molecules in the mouse that are preferentially expressed on HEV in organized lymphoid tissues where they mediate tissue-selective homing of certain subsets of lymphocytes (8, 9) . In this study, we demonstrate induction of these molecules on islet endothelium during diabetic insulitis in NOD mice. This induction is specific and restricted to endothelial cells within and immediately adjacent to the islets. The initial appearance of these vascular addressins on islet endothelium at the age when insulitis is initiated, the specific localization of addressin-expressing vessels to inflamed (but not uninflamed) islets, and the ability of such vessels to bind lymphocytes in an in vitro assay suggest that these molecules are involved in the regulation of lymphocyte influx into the islets. However, we did not observe strong expression of MAdCAM-1 or PNAd in any islet prior to the molecules could be responsible for initializing lymphocytic infiltration into extralymphoid sites during inflammation and that vascular addressins would be expressed only later on as a consequence ofsubsequent endothelial activation. Even in that case, the present study suggests that vascular addressins are involved in lymphocyte entry into the islets during sustained islet inflammation, which may be necessary in the pathogenesis of insulin-dependent diabetes. However, in an experimental model of arthritis that is induced by an inflammatory chemical (24) , the influx of leukocytes begins simultaneously with activation of endothelial cells showing that in vivo, these phenomena are difficult to observe independently of each other. Accordingly, ifexpression ofaddressin molecules on islet-endothelium is increased prior to histologically detectable infiltration of the islets by mononuclear cells, this is a transient stage followed immediately by an influx of inflammatory cells. The events underlying endothelial activation resulting in induction of endothelial adhesion molecules and increased lymphocyte binding to the endothelium are of prime importance in the accumulation of lymphocytes in inflamed tissues. Not surprisingly, endothelial cells can be activated in vitro by inflammatory mediators (25) and in vivo, by injections of cytokines which cause local changes in endothelial morphology with concomitant influx of cells into tissue (26, 27) . Within inflamed tissues, these inflammatory mediators can be released by a variety of cells (4, 7) . First, they may be released from circulating leukocytes coming into contact with endothelium. Second, they may be secreted from endothelial cells themselves. Third, they may be secreted by cells that are normally present in that tissue, including parenchymal cells and resident leukocytes. In the spontaneous autoimmune syndrome of the NOD mouse that results in the accumulation of inflammatory cells in the pancreatic islets, none of these possibilities can so far be excluded. In this context, it is interesting to examine the experiments of Hutchings et al. (28) . By administration of a mAb against CD1 lb/Cd 1 8 that blocks the adhesion of macrophages and monocytes to endothelium, they not only prevented the development of diabetes in NOD mice after cell transfer but also prevented most ofthe influx of lymphoid cells into islets. This suggests that macrophages may be directly or indirectly involved in the activation of islet endothelium, which then allows the binding and subsequent extravasation of lymphocytes.
MAdCAM-1 was expressed by some vessels in the exocrine pancreas from all NOD, BALB/c, and SJL mice examined, and was the predominant addressin expressed by NOD islet endothelium at early stages of insulitis. This molecule is expressed by endothelium in mucosal tissues such as Peyer's patches and small intestine lamina propria and is the vascular addressin specifically recognized by the a4f7 HR found on lymphocytes that home to mucosal sites ( 17 ) . During embryogenesis, the pancreas develops in mesoduodenum, which is derived from the foregut (29) . Hence, it is possible that pancreatic endothelium would differentiate during embryogenesis along with the endothelium in mucosal lymphoid tissues. Alternatively, common environmental factors shared between the adult gut and pancreas might be involved in the expression of MAdCAM-1 by endothelium in both organs. In another study (42), a lymphoid cell line that originated from islet-infiltrates of pancreas from a diabetic human was found to adhere strongly to mucosal HEV, whereas adherence to PLN HEV was much weaker. In the present study, we found that lymphoid cells infiltrating islets expressed a4#7 from early on, whereas the expression of L-selectin was initially low and increased with time. These findings suggest that normal pancreas as well as pancreas with early insulitis are predominantly involved in the mucosal lymphocyte recirculation pathway. Alternatively, the small number ofcells expressing L-selectin among the cells infiltrating the islets in early insulitis may indicate that the cells are activated (30) . This would be consistent with the idea that initially, islets contain many activated cells, either as a result ofselective homing ofactivated cells to the islet or activation of resting lymphocytes once they have entered the islets. The subsequent increase in L-selectin-expressing lymphocytes could be the result of selective migration of L-selectin-expressing cells, or could be due to reexpression of L-selectin on previously activated lymphocytes. Although monocytes can account for some of the L-selectin and a4fi7 integrin expression that was observed, our observations must also reflect HR expression by lymphocytes, since most studies have shown lymphocytes predominate in islet infiltrates (31, 32) , as was also confirmed by immunohistochemical assessment of leukocytes in pancreata of our mice (data not shown).
In the adhesion cascade leading to extravasation, integrin molecules have an essential role in strengthening the initial adhesion that is often mediated by selectins (7, 33) . In an inherited disease (leukocyte adhesion deficiency), patients are unable to generate acute inflammatory responses in tissues because of a genetic error in CD18, resulting in severe impairment of leukocyte extravasation (34) . Therefore, the uniform expression of this molecule on inflammatory cells in islet-infiltrates is not unexpected. The expression ofCD54 on all inflammatory cells in the NOD pancreas, however, contrasts to that seen in human diabetic pancreas, where the expression of CD54 seems to be restricted mainly to endothelial cells (35) . In further contrast to the pancreas from a diabetic human, no conspicuous differences in CD54 expression on endothelial cells in nondiabetic and diabetic pancreata could be observed. This may reflect differences in local levels of cytokines such as IL-1, TNF, and y-interferon that induce expression of CD54 on many cell types, or differences in inducibility of CD54 expression in different species (36) , or simply an observation bias resulting from colocalization of CD54 on inflammatory cells adjacent to endothelium in inflamed islets. CD54 expression on inflammatory cells may be involved in the pathogenesis of insulitis and beta cell destruction in NOD mice, because it may strengthen adhesion during antigen presentation (37) , and as a ligand for CD1 8, it may mediate adhesion between inflammatory cells (38) . This may allow the cells to firmly adhere to and interact with each other after extravasation. Recently, injection ofanti-CD54 mAb into young NOD mice was shown to reduce the incidence of diabetes significantly (39) . Consistent with another previous study (40), we did not detect CD54 expression on insulin positive cells, suggesting that the effect of this treatment was not conferred by blocking any antigen presenting function of beta cells.
In summary, we have shown there is specific induction of mucosal (MAdCAM-1) and peripheral (PNAd) vascular addressins on vessels in inflamed islets of NOD mice, and accumulation within the islets of lymphocytes which express the a4f7 mucosal and L-selectin peripheral HR. We have used functional assays to demonstrate that both the mucosal (MAd-CAM-1 /a4fl7) and the peripheral (PNAd/L-selectin) recognition systems are involved in lymphocyte binding to vessels in inflamed islets. This is the first demonstration of induction of functional MAdCAM-1 and PNAd in an extralymphoid site of chronic inflammation. Our results suggest that these vascular addressins and lymphocyte HR, which normally govern lymphocyte traffic to mucosal and peripheral lymphoid organs, are involved in lymphocyte traffic to NOD pancreas. Thus, these adhesion molecules may be expected to play an important role in the development of diabetes in these mice.
